Abstract The aim of this study was to examine the relationship between ammonia oxidizing bacterial populations and biological nitrogen removal in a small on-site domestic wastewater treatment system "Johkasou". The population dynamics of ammonia oxidizing bacteria (AOB) in six full-scale advanced Johkasous was surveyed using real-time PCR assay over a period of one year. These Johkasous were selected to compare the AOB populations in different treatment performance. When the effluent NH 4 -N concentration was higher than 2 mg L
Introduction
Recently, an advanced Johkasou ("Johka" and "Sou" mean purification and tank respectively in Japanese) as a small onsite treatment system for household domestic wastewater has become a center of attraction due to its high ability to mitigate the nitrogen impact on the water environment. Since Johkasou is inexpensive to set up and its running cost is economical, it is very useful for nitrogen removal on a small scale.
A key process in the biological nitrogen removal during wastewater treatment is through the 2-step oxidation of ammonium (NH 4 þ ) to nitrite (NO 2
2
) and nitrite to nitrate (NO 3 2 ). This process required the coordination of two distinct chemolithoautotrophic groups: ammonia-oxidizing bacteria (AOB) and nitrite-oxidizing bacteria (NOB). The failure of biological nitrogen removal systems to establish stable nitrification is generally attributed to the slow growth of nitrifying bacteria and their sensitivity to environmental factors (Okabe et al., 1999) . Consequently, it is very important to keep nitrifying bacterial populations for maintaining stable nitrification in the small onsite treatment system. The recent development of molecular biological techniques such as real-time PCR has enabled us to monitor nitrifying bacteria in activated sludge (Harms et al., 2003) . Reliable monitoring of nitrifying bacteria in a biological nitrogen removal system utilizing molecular techniques can improve nitrification efficiency and stability by increasing our understanding of microbiology and ecology of the nitrogen removal system. This study attempted to utilize real-time PCR to monitor the number of AOB cells adhering to porous carriers in six full-scale advanced Johkasous. We focused on the NH 4 -N loading per AOB cell as an important parameter. The objectives of this study are to clarify the relationship between AOB populations and the nitrogen removal efficiency of advanced Johkasous, and to increase our understating of key factors for regulating the on-site biological nitrogen removal process.
Materials and methods

Full-scale advanced Johkasou
Six advanced Johkasous (A, B, C, D, E, F), as on-site household domestic wastewater treatment facilities, were surveyed. These Johkasous were selected to compare the AOB populations in different treatment performance. The water quality of domestic wastewater flowing into Johkasous has been estimated as follows; BOD is 200 mg L 21 , T-N is 50 mg L 21 and T-P is 5 mg L 21 . These systems consisted of five compartments: primary anaerobic tank, secondary anaerobic tank, aeration tank, treated water storage tank, and disinfection tank ( Figure 1 , Table 1 ). The biofiltration process filled with a porous ceramics carrier was applied in the aeration tank. The advantages of the biofiltration process compared to the conventional activated sludge processes are high volumetric reaction rates and enrichment of slow growing microorganisms (Rother and Cornel, 2004) . The porous ceramics carrier was spherical, and the average diameter was 7 mm. Recirculation ratios, which mean the volume of circulating water to that of influent, were set at 4.
Sampling
Effluent water samples were collected nearly every week over a period of one year. Influent water samples of the aeration tank and biofilm-attached carriers in the aeration tank were collected several times every two months over a period of one year. Water temperature, pH, and dissolved oxygen (DO) concentration in the aeration tank were monitored every two months over a period of one year.
DNA extraction
The biofilm was detached from biofilm-attached carriers with a sonicator and a mixer, and were transferred into a sterile tube with sterilized water. DNA was extracted from the biofilm with an Isoplant DNA extraction kit according to manufacture's instructions (Nippon Gene) with minor modification. A biofilm (approximately 1.0 mg-VSS) in 2.0-ml tubes was supplemented with 300 mL of sodium dodecyl sulfate solution, 150 mL of benzyl chloride solution, and 1 mg of zirconium and silica. The solution was homogenized with MINI-beadbeater for 2 min, and incubated for 15 min at 508C and then 150 mL of sodium acetate was added. After setting on ice for 15 min, the solution was centrifuged (12,000 £ g, 15 min). The supernatant sample was removed and transferred to a tube containing about 1 mL of 100% methanol. After the sample was centrifuged, the supernatant was removed and transferred to a tube containing 300 mL of 70% methanol. After the sample was centrifuged, the supernatant was discarded, and the total precipitated DNA was dissolved in 50 mL of TE buffer (pH 8.0). The genomic DNA concentration was measured with a spectrometer (BioRad) at 260 nm. The purity of genomic DNA was determined by calculating the ratio of the absorbance measured at 260 nm to that measured at 280 nm.
Real-time PCR assay
Real time PCR assays for ammonia monooxygenase encoding gene (amoA) were run on a LightCycler (Roche Diagnostics GmbH, Germany). PCR primers used in this study are summarized in Table 2 . The biofilm was detached from the biomass carrier, and DNA was extracted from the biofilm. PCR products amplified from Nitrosomonas europaea (IFO 14298) with AMO-F (Sinigalliano et al., 1995) and amoA 2R primer set were used to establish a standard curve that was included in each run. The standard curve ranging from 1.25 £ 10 2 to 2 £ 10 7 amoA gene copies per PCR setup was constructed. The primers amoA 1F and amoA 2R (Rotthauwe et al., 1997) were used for the SYBR Green I real-time PCR.
Quantification of amoA gene
Real-time PCR was performed in 20 mL reaction mixtures by using buffer supplied with LightCycler-FastStart DNA Master SYBR Green I Kit (Roche Diagnostics GmbH, Germany). PCR amplification of a 491-bp fragment of the amoA gene was carried out by using the amoA-1F and amoA-2R primer set specific for AOB belonging to the ß subclass of Proteobacteria. The PCR mix with a total volume of 20 mL contained 1 £ LightCycler-FastStart DNA Master SYBR Green I; 4 m mol l 21 of MgCl 2 ; 250 n mol L 21 of each primer; 5 mg of bovine serum albmin (BSA) and 5 mL of extracted DNA. The thermal profiles included an initial denaturing step consisting of 958C for 10 min followed by 38 cycles of denaturation at 958C for 20 s, annealing at 608C for 8 s with the amoA primers, and elongation at 728C for 20 s.
Results and discussion
The nitrification performance and total nitrogen removal
The effluent and influent water samples of the aeration tank of six on-site advanced Johkasous were analyzed over a period of one year. The relationship between the nitrification (ammonia-oxidizing and nitrite-oxidizing reactions) performance and total nitrogen (T-N) removal is shown in Figure 2 . The relationship between the denitrification performance and T-N removal is shown in Figure 3 . In Japan, the most stringent effluent standard of the advanced Johkasou is set at BOD 10 mg L 21 , T-N 10 mg L 21 and T-P 1 mg L 21 . In the present results, when the effluent NH 4 -N concentration was higher than 2 mg L 21 , almost all of the effluent T-N concentrations were not able to meet effluent standard (T-N 10 mg L
21
). In contrast, NO 2 -N concentrations of no less than 94% of the effluent water samples were kept below 1 mg L
, and in fact untreated NO 2 -N was very low over a period of one year. During the experiment, NO x -N concentrations of no less than 89% of the effluent water samples were kept below 1 mg L 21 . No noticeable accumulation of NO x -N in the influent water was detected (Figure 3 ). These results demonstrated that nitrogen removal efficiency was hardly affected by nitrite oxidation and denitrification in these systems. In other words, ammonia oxidation was a rate-limiting step.
Effluent standard
Eff. The number of AOB cells in the aeration tanks of the on-site six advanced Johkasous was monitored by real-time PCR several times every two months over a period of one year. The quantitative results of six Johkasous are shown in Table 3 . The real-time PCR data were triplicate and standard deviation was evaluated for each biofilm sample. Assuming that one cell of AOB contains 2 copies amoA gene based on the copies reported for Nitrosomonas europaea (McTavish et al., 1993) , we calculated AOB cell number per volume of the aeration tank. Comparison with each system revealed that the difference in the mean number of AOB cells was approximately two orders of magnitude.
Operational characteristics of the aeration tank, the influent of the aeration tank, and the effluent were monitored. The annual characteristics of six Johkasous are shown in Table 4 . During the experiment, no significant trends associated with water temperature were detected in nitrification (data not shown), or AOB population dynamics (Figure 4 ), although water temperature was varied from 26.7 to 13.0. A biomass carrier in the aeration tank might offer an option for mitigating the effect of water temperature. Welander et al. (1997) reported that low temperature had very little effect on nitrification activity in a suspended carrier biofilm process. In all Johkasous, a stable pH (approximately 7.5) was obtained with no maintenance (Table 4) , and pH seemed to have little impact on the difference in nitrification and the number of AOB cells in these Johkasous.
Relationship between NH 4 -N loading per AOB cell and nitrogen removal Figure 5 shows that no correlation was confirmed between the number of AOB cells and effluent T-N concentrations. However, Figure 6 indicates that there was a significant relationship between NH 4 -N loading per AOB cell and T-N removal. When mean NH 4 -N loading per AOB cell was lower than 210 pg cell 21 day 21 , the mean T-N concentration was kept below the effluent standard of advanced Johkasous (T-N 10 mg L 21 ). When mean NH 4 -N loading per AOB cell was higher than the 210 pg cell 21 day
21
, no Johkasou met the effluent standard.
Furthermore, the mean number of AOB cells of Johkasou E was the second lowest value, although NH 4 -N loading per AOB cell of the Johkasou was approximately 8 times higher than other Johkasous. AOB in Johkasou E did not proliferate in response to the abundance of NH 4 -N. This might be due to trouble in BOD removal, because the mean effluent BOD concentration of Johkasou E was much higher than those of other Johkasous (Table 5) . Suspended solids (SS) concentration of the influent water flowing into the aeration tank in Johkasou E was the highest (Table 5) . Therefore, influx of sludge accumulated in the anaerobic tank into the aerobic tank was thought to cause the trouble of BOD removal. Such a condition was unfavorable for AOB. This trouble might be originally caused by insufficient maintenance, such as lack of controlling of the sludge volume in the anaerobic tank. In order to avoid this problem, we should regulate the sludge volume in the anaerobic tank. Consequently, in this type of biological nitrogen removal system equipped with porous carriers for immobilizing nitrifiers, we should regulate NH 4 -N loading per AOB cell below 210 pg cell 21 day 21 to meet the effluent standard of advanced Johkasou. We should regulate the sludge volume in the anaerobic tank to avoid the negative effect on AOB. Furthermore, it was found that NH 4 -N loading per AOB cell is regarded as an important parameter for assessment of treatment performance and biological nitrogen removal system design.
Conclusion
Annual monitoring of six on-site decentralized systems "Johkasou" demonstrated that ammonia oxidation is a rate-limiting step in biological nitrogen removal. When the effluent NH 4 -N concentration was higher than 2 mg L
21
, it was difficult to meet the effluent standard of advanced Johkasous (T-N 10 mg L 21 ). In contrast, nitrogen removal efficiency was hardly affected by nitrite oxidation and denitrification in advanced Johkasous. In addition, water temperature and pH in the aeration tank seemed to have little impact on the difference in nitrification and the number AOB cells in these Johkasous. Influx of sludge accumulated in the anaerobic tank into the aerobic tank was thought to cause deterioration of BOD removal leading to inactivation of AOB. In order to avoid this trouble, regulation of the sludge volume in the anaerobic tank is indispensable.
The quantitative results of AOB demonstrated that control of NH 4 -N loading per AOB cell below 210 pg cell 21 day 21 is necessary to meet the effluent standard of advanced Johkasou. NH 4 -N loading per AOB cell is regarded as an important parameter for biological nitrogen removal system design.
